This study presents the material challenges associated with Advanced Reactor Concepts (ARC) such as the Advanced High Temperature Reactor (AHTR). ARCs are the next generation concepts focusing on power production and providing thermal energy for industrial applications. The efficient transfer of energy for industrial applications depends on the ability to incorporate cost-effective heat exchangers between the nuclear heat transport system and industrial process heat transport system.
INTRODUCTION
The AHTR is part of the fluoride-salt-cooled high temperature reactor (FHR) class of nuclear reactors that has recently been included in the advanced reactor concept program. The primary mission for the AHTR is the generation of low-cost electricity while maintaining full passive safety . Necessary knowledge for the operation of AHTRs has been gained by the following research and operational experience (Flanagan et al. 2012 ):
Modern coal-fired power plants have provided design experience with advanced supercritical-water power cycles Light water reactors have shown the potential of transparent, high-heat capacity coolants with low chemical reactivity Molten salt reactors (MSR) have provided data about appropriate materials, procedures, and components necessary to use high-heat capacity liquid fluoride salts as primary or secondary coolants Liquid metal reactors have provided design experience on using low-pressure liquid coolants, passive decay heat removal, and hot refueling High temperature gas-cooled reactors (HTGRs) have provided experience with coated particle fuel and graphite components.
The primary loop reference molten salt for AHTR is currently Li 2 BeF 4 , referred to as Flibe. Heat in an AHTR is transferred from the reactor core by the primary liquid-salt coolant to an intermediate heat-transfer loop through the Intermediate Heat Exchangers (IHXs). The intermediate heattransfer loop uses an intermediate liquid-salt coolant through an Ssecondary Heat Echager (SHX) to move the heat to a power conversion system (Rankine cycle) as shown in Figure 1 . Previous analysis (Sabharwall et al. 2011a ) of the power conversion system to produce electricity showed that the Rankine subcritical and supercritical cycle with a turbine inlet temperature of 679°C (based on a reactor outlet temperature of 704°C) can yield a conversion efficiency of 42 and 44%, respectively, with KF-ZrF 4 as the secondary salt coolant. The heat exchangers are considered key components that need to be extensively investigated because they are operated in a severe environment and their performance is directly related to the overall system efficiency and safety. 
REFERENCE SHX CONFIGURATION
The shell and tube configuration is the most common configurations used in industry. A helically-wound tube and shell design is currently being used in Japan Atomic Energy Agency High Temperature Engineering Test Reactor. For AHTR-SHX HCHE is also being considered, for detailed preliminary design and analysis information refer to Sabharwall et al. 2011b .
The key fluid decision discriminators include: heat transfer capacity, melting point, infiltration to the primary loop in an accident scenario and ease of recovery; availability of the fluid; purification capability (removal of tritium); interaction with IHX material (i.e., corrosion); and cost.
The multiple options result in many different configurations. For the purposes of this discussion, the reference configuration consists of:
Hastelloy N as the material of construction Helical coil shell and tube heat exchanger KF-ZrF4 as the secondary coolant Coupling with the supercritical Rankine cycle to Oak Ridge National Laboratory's (ORNL) 3400 MW AHTR design Three heat exchangers (for redundancy)
Reheat from steam (downstream of high pressure turbine), not within the heat exchanger (too close to KF-ZrF4 freezing temperature)
Molten salt (KF-ZrF4 ) is on shell side and steam on tube side.
SHX REQUIREMENTS
The heat exchanger required for AHTR is subjected to a unique set of conditions that introduce several design challenges not encountered in standard heat exchangers. The corrosive molten salts, especially at higher temperatures, require specialized materials throughout the system to avoid corrosion, and adverse high-temperature effects such as creep. Table 1 summarizes the basic design conditions and requirements for the AHTR SHX with a coupled Rankine power cycle.
As shown in Table 2 , the total thermal duty of the AHTR heat exchangers is 3400 MW(t). The Rankine Cycle was chosen as the coupled power cycle for the following reasons (for detail analysis on power conversion study and comparison refer Sabharwall et al. 2011a ):
The supercritical Rankine steam cycle has the highest power cycle efficiency and the advantage of being a current commercial technology, but the disadvantage of the highest turbine inlet pressure The supercritical power cycle has the highest efficiency but the highest pressure difference (23.9 MPa); supercritical cycles heated by coal and natural gas have the same problem 
Applications:
Power production Hydrogen production Methanol-to-gasoline (MTG) Oil shale and Oil sand Ammonia production Coal gasification Natural gas production
The subcritical Rankine cycle has a pressure difference of 16.9 MPa, which would reduce the stress on the heat exchanger with only a shift from 44 to 42% efficiency. Hastelloy N A simple thermal design method was used for determining overall design specifications including geometry, sizing, and configurations (Sabharwall et al. 2011b) . Table 4 -3 summarizes the key thermal performance parameters for HCHEs.
REGULATORY ACCEPTANCE
In order for a material to be used commercially by industry, it has to meet certain ASME standards and requirements. To take advantage of the heat transfer efficiency obtained through the use of molten salts as a secondary heat transfer fluid, additional development is needed to assure the heat exchanger is robust enough to successfully operate for the 60-year anticipated life. One of the important heat exchanger issues currently hindering is the longevity of robust operation in the corrosive environment to which materials of construction would be subjected. For high temperature material, Hastelloy N yet exhibits good properties under the corrosive environment of molten salt, yet it is not codified by the ASME Boiler and Pressure Vessel (BPV) for nuclear application. In the event that Hastelloy N fails codification, 800H (previously codified to 760°C) could serve as a backup to Hastelloy N. Some consideration is also being given to 800H with Hastelloy N as a liner. This study provides a current update on those major ASME codes and standards (both nuclear and non-nuclear) that will most likely be used in the construction of an AHTR and associated high temperature critical components such as SHX.
Section III of the ASME BPV Code addresses the rules for nuclear facility components. The components and supports covered by Section III are intended to be installed in a nuclear power system that serves the purpose of producing and controlling the output of thermal energy from nuclear fuel and those associated systems essential to the functions and overall safety of the nuclear power system. Section VIII of the BPV Code addresses the rules needed to construct non-nuclear pressure vessels. Pressure vessels not subject to nuclear requirements (e.g., the balance of plant pressure vessels) can use these rules. Section VIII is considered to be non-nuclear, safety with special treatment.
The design, construction, and operation of nuclear and non-nuclear components are based on their categorization (safety-related or nonsafety-related special treatment). In simplified terms, safety related or nonsafety-related special treatment is determined based on the consequence of failure. Obviously, the reactor and its associated primary components are safety related. For instance, if the primary coolant fails, the consequence is severe so the system is safety related. Next, most likely, the primary coolant from the reactor is exchanging heat with an IHX. If the failure in the primary heat transfer loop (main heat sink for the reactor) is caused by failure of the IHX and there is no backup system, the IHX is considered safety related.
Since the AHTR SHX systems are not identified and are still in conceptual design, it is assumed that ASME Section III, Division 5, Class B (High Temperature Reactors) is the most applicable ASME Code. This assumption implies that if the SHX fails, it is safety related. This separation is shown in Figure 5 -3, where the AHTR and the heat exchangers are considered to be safety related and the SHX is assumed to follow ASME Section III, Division 5, Class B. It should be noted that if the system is designed as the SHX becoming nonsafety-related special treatment, the design based on ASME Section III may easily be converted to meet ASME Section VIII requirements. 
ASME BOILER AND PRESSURE VESSEL CODE SECTION III
Section III of the ASME BPV Code addresses the rules for nuclear facility components. Components include metal vessels and systems, pumps, valves, piping, component supports, and core support structures. Section III provides requirements for new construction and includes consideration of mechanical and thermal stresses because of cyclic operation. Deterioration (which may occur in service as a result of radiation effects), corrosion, erosion, or instability of the material is typically not addressed.
Section III currently has five divisions: 1. Division 1 provides requirements for the materials, design, fabrication, examination, testing, inspection, installation, certification, stamping, and overpressure protection of nuclear facility components, typically those associated with LWRs 2. Division 2 provides requirements for concrete reactor vessels and containments 3. Division 3 provides requirements for containment systems for storage and transport packaging for spent nuclear fuel and high-level radioactive waste 4. Division 4 has been assigned for future rules addressing components for fusion reactors 5. Division 5 is a new division recently approved that provides construction rules associated with high temperature reactors, including HTGRs and liquid metal reactors.
Since Section III, Division 5, Class B (Table 3) is considered for the preliminary/conceptual design of a SHX it is briefly described in the following section. Power production Hydrogen production Methanol-to-gasoline (MTG) Oil shale and oil sand Ammonia production Coal gasification Natural gas production ASME Section VIII Excluding Subsections HF, HH, and HA Subsections, the Subsections of Division 5 consist of two subparts: Subpart A addresses the rules for low temperature service (as indicated in Table 4 ) and Subpart B addresses the rules for elevated temperature service (higher than temperatures presented in Table 4 ). Table 4 establishes the maximum temperature limits for the material under consideration at which the low temperature service rules shall be used. Elevated temperature service rules shall be used for temperatures above those listed in Table 4 (but limited to temperatures established in the applicable rules), for the material under consideration. Only Section II is discussed here, since the design of AHTR is in the conceptual stage and all systems are not identified. To codify materials such as Hastelloy N, it has to first be accepted by Section II as a base material.
ASME

Section II
Part A is a service book to the other BPV Code sections, providing material specifications for ferrous materials adequate for safety in the field of pressure equipment. Table 5 -7 provides the permissible base materials for structures other than bolting. Part B is also a service book to the other BPV Code sections providing material specifications for nonferrous materials adequate for safety in the field of pressure equipment. The Part C service book provides material specifications for the manufacture, acceptability, chemical composition, mechanical usability, surfacing, testing requirements and procedures, operating characteristics, and intended uses for welding rods, electrodes, and filler metals. Finally, Part D is a service book to other BPV Code sections providing tables of design stress values, tensile and yield strength values, and tables and charts of material properties. Part D facilitates ready identification of specific materials to specific sections of the BPV Code. Part D also contains appendices that contain criteria for establishing allowable stress and stress intensity values, the bases for establishing external pressure charts, and information required for the approval of new materials.
Guideline on the Approval of New Materials under the ASME Boiler and Pressure Vessel Code (ASME 2010b)
If ASME Codes are considered to be utilized to design a system, only material specified in the ASME Section II, Part D may be used. If the material is not specified in Section II, it shall be submitted to ASME for approval. This section provides guidelines on the approval of new materials under the ASME boiler and pressure vessel code. Table 5-7 lists ASME permissible base materials. except at 800°F and above. Based on this reevaluation, it appeared that the current S (yield strength) values in the timeindependent range are conservative. It was observed that Hastelloy N (UNS N10003) is the only nickel alloy that does not provide a high-stress line in Table 1B .
Recalculated values for allowable stress in the timedependent range (S) were produced for comparison with the values in Section II, Part D for temperatures to 1300°F. It was observed that the recalculated time-dependent S values for Hastelloy N (UNS N10003) were close to the current values in Table 1B for temperatures above 1150°F.
The historic fatigue and aging effects data for Hastelloy N (UNS N10003) were collected and discussed relative to the data needs to qualify the alloy for incorporation into ASME Section III, Division 5, covering rules for construction of Class B nuclear facility components. The fatigue curve based on stresscontrolled testing was observed to be higher than the curve based on strain-controlled test at 1300°F for lives in excess of 10,000 cycles. However, the original strain-controlled fatigue data were not recovered and no data were available to independently evaluate the strain controlled fatigue curves.
A more detailed study of the references provided in this paper would be useful in establishing a Code Case to qualify Hastelloy N or other materials (for high temperature applications) for construction of Class B components under the rules of ASME Section III, Division 5. Other aspects of the developmental work could be helpful in developing the data needs for a Code Case to qualify the material under the rules of ASME Section III, Subsection NH.
Recommendations
Two important considerations with respect to the use of Hastelloy N as a structural material for AHTR, are the irradiation resistance and the corrosion behavior. These issues have been reviewed in detail by Ren et al. (2011) and are not discussed in this work. Here are some recommendations:
1. The existing tensile data are adequate to establish the time independent allowable stresses under the rules of Section VIII, Division 1 which are referenced in Section III, Division 5 for Class B components.
2. Consideration should be given of establishing a high stress line in the ASME Section II, Part D Table 1B. 3. A series of tensile curves to 2% strain are needed to confirm the validity of the buckling charts currently assigned to Hastelloy N in Section II, Part D. (1971, 1978) and found to be minimal. As part of additional work, consideration should be given to adding Hastelloy N to 11. The establishment of the maximum number of cycles and the stress range reduction factor for piping (HCB 1) was not within the scope of this work. However, careful consideration of the high cycle rotating beam data could be of benefit in making some initial estimates for Table HCB I 2002 and Table  HGB II 3000 9.2 in the 105 to 106 cycle range.
12. Further testing is needed to establish the strain fatigue behavior of Hastelloy N.
13. A detailed study should be undertaken to identify the data requirements to produce a Code Case for design and construction under the rules of Section III, Subsection NH.
Need for the ASME Thermal Design Acceptance Criteria Currently, all sections of ASME codes are concern with the acceptance criteria of structural designs. As discussed in this paper, the ASME Section II is a service book to the BPV Code sections, providing material specification in the field of pressure equipment. It also provides tables of design stress values, tensile and yield strength values, and tables and charts of temperature dependent material properties.
Section III of the ASME BPV Code serves the purpose of producing and controlling the output of thermal energy from nuclear fuel and those associated systems essential to the functions and overall safety of the nuclear power system. Section VIII of the BPV Code addresses the rules needed to construct non-nuclear pressure vessels.
If a system such as a heat exchanger (in a nuclear system), operating at high temperature, needs to be analyzed (using ASME codes), the thermal environment is considered first. Typically, thermal environment is defined as boundary conditions (fluid flow and temperature, constant surface temperatures or heat flux, contact areas, etc.) and heat loads (internal heat generation rates, or heat flux).
In general, heat transfer books are used to select properties of materials (at the operating/design temperatures). Then Reynolds numbers, Nusselt numbers, and the convection heat transfer coefficients are evaluated. Note that these evaluations could be performed analytically or numerically. Finally the system (usually using software such as ABAQUS) is thermally modeled and results map component temperatures. Finally, based on evaluated temperatures, the integrity of components under structural boundary conditions and loads are analyzed.
In some cases, the thermal evaluations are not accurate. Quite often, the equations representing the Nusselt number, hydraulic diameters (geometry), friction factors, and material properties are curve fitted to the experimental data for a certain flow and fluid, and based on the method used (polynomial, exponential, logarithmic, power, etc. curve fitting), they are limited to a certain flow regime. So, the inaccuracy may be attributed to the error associated with the empirical data and curve fitting.
Next, the structural material properties at previously determined temperatures are utilized to evaluate stresses (integrity of components under structural boundary conditions and loads). Values of most structural properties decrease as temperature increases and ultimately, the temperature inaccuracy may results in incorrect stresses or loads. If the evaluated stresses are significantly less than the actual stresses, catastrophic accident may occur.
To reduce the chance of any accident due to inaccuracy in thermal analysis, in 2012 the authors proposed to the ASME Heat Transfer Executive Committee to investigate possibility of producing acceptance criteria for thermal designs. The authors have already formed a working group (the working group consists of government, industry, and university members) and are investigating the need for the thermal design acceptance criteria. The initial investigation indicates the need for such an acceptance criteria, and the working group will report their findings to the ASME Heat Transfer Executive Committee this summer. This task will be an ongoing effort and progress report will further be submitted to the ASME Heat Transfer Executive Committee.
The working group will select a system 2 and define thermal parameters. Suppose the system is a simple shell and tube heat exchanger (ASME codes will provide the acceptance criteria) with water as the liquid and the material is SST-304. Temperatures, flow rates, pressures, and configuration are defined.
To perform the thermal analysis, the working group will provide the acceptance criteria which are as follows:
1. A list of accepted material by ASME (ASME Section II, Part D)
2. Reference for material properties (at the design temperature and pressure)
3. Provide an appropriate correlation to evaluate thermal parameters for the system (hydraulic diameter for the specific configuration, Nusselt number based on Reynolds and Prandtl numbers, etc.)
4. In this case, provide a correlation to evaluate the convection heat transfer coefficient 5. Define the acceptance criteria.
CONCLUSIONS AND RECOMMENDATIONS
Fuels salts received considerable testing and development in the MSRE program at Oak Ridge National Laboratory (ORNL) during the 1950s through 1970s, but relatively little research has been conducted on coolant salts. The corrosion data for various alloys in FLiBe, FLiNaK, KCl-MgCl 2 , NaNO 2 -NaNO 3 -KNO 3 , and KF-ZrF 4 , (the last of which, was recently tested by INL for welded and unwelded Alloy N and found to be adequate) are much too limited for reliable comparisons of corrosion resistance of the various alloys, or the relative aggressiveness of these molten salts.
Few specific inferences can be drawn from the existing but limited data on materials of construction. In general, nickel and alloys with dense nickel coatings are effectively inert to corrosion in fluorides, but not so in chlorides.
To reduce the chance of any accident due to inaccuracy in thermal analysis, there is a need to investigate possibility of producing acceptance criteria for thermal designs.
